BEAM LINE DESCRIPTION

Proton beam
The SPS accelerator has been upgraded and modified for its new role as LHC injector. In particular, the extraction system foreseen for the LHC allows fast extracted pulses, and one of the two extraction channels was modified to permit two fast extractions per CNGS cycle [4] . Therefore, both the LHC and the CNGS beams use the same extraction channel. After about 100 m from the extraction point, a string of 8 switch dipole magnets (24 mrad horizontal deflection) is used in order to direct the beam either to the LHC ring or to the CNGS target. The CNGS proton beam line consists of a 620 m long arc to bend the beam in the direction of the Gran Sasso, followed by a 120 m long focusing section to obtain the desired beam sizes onto the target. The tunability of the optics allows varying the beam sizes onto the target from σ = 0.25 mm to 1.0 mm. The magnetic system of the proton beam line is composed of 73 dipole magnets (nominal field of 1.7 T at 400 GeV [5] ), 20 quadrupole magnets (nominal gradient of 40 T/m [6] ) and 12 corrector magnets (maximum bending angle of 80 μm [7] ). The 5.6% slope of the proton beam line is provided by 32 horizontal dipole magnets tilted by 12.8 o . The beam line can operate from 350 GeV (limited by the vertical aperture in the main bending magnets) to 450 GeV (maximum SPS energy). The nominal CNGS cycle is 6 s long with two SPS-CNGS extractions separated by 50 ms. The nominal proton beam parameters are summarised in Table 1 . 
Beam instrumentation
Beam monitors allow to track the high intensity proton beam and to verify the stringent constraints on its stability [8, 9] . The beam position is measured along the proton beam line using 23 Beam Position Monitors (BPM); all but the last one are button electrode monitors, and all are equipped with 2 plane reading electronics. The last BPM is mechanically coupled to the target in order to provide the beam position as seen by the first target rod. It is an innovative stripline coupler pick up as it is operated in air. As the tolerance requirement on the overall BPM is set to
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Target and Horn systems
The target has to reliably intercept a 400 GeV high intensity beam (designed for 7 × 10 13 protons per 6 s cycle) of up to 750 kW average power [11] . The beam is fast extracted (10.5 μs) and strongly focused at the target (σ = 0.5 mm). The target alignment to the proton beam is specified to ± 0.1 mm transversally. The target was designed to withstand the thermomechanical shocks from the fast extracted beam and to evacuate the deposited thermal energy. The target assembly contains an innovative target magazine, equipped with 5 target units -only one intercepts the beam, the others provide in-situ spares. Each target unit is made of a series of 10 cm long graphite rods; the first two rods are 5 mm in diameter, the remaining 11 rods have a diameter of 4 mm. The target magazine has been designed to be remotely exchanged using a crane -a spare magazine has already been built and tested. Downstream of the target assembly, the secondary beam line magnetic focusing system consists of 2 magnetic horns (horn and reflector), pulsed twice every 6 s with a current of 150 kA for the fist horn and 180 kA for the second one [12] . Detailed description and experience from operation are presented in [13] .
RESULTS FROM COMMISSIONING
As part of the early phase of the CNGS commissioning, in September 2004, the extraction system and beam channel were successfully checked with beam. During the 2006 facility start up, in depth checks and analysis were performed [14] . In dedicated periods from February to April 2006, the proton and secondary beam lines were commissioned without beam. All equipment and controls were carefully checked until declared fully operational. Commissioning with beam took then place in a three weeks period in July-August 2006. On 11 July 2006, the first proton extraction was transported through the beam line and measured already well centred along the line and onto the target [15] . The importance of having installed a sufficient number of OTRs was put into evidence as it provided the first information on the beam positioning, the BPM system suffering from triggering problems [16, 17] . Due to the low start-up intensity (2 × 10 11 protons per extraction), the BPMs were commissioned using short batch length (2 μs), the electronics trigger being set at 1 μs with a 400 ns integration gate. As soon as the nominal setting up intensity was reached, the BPM system was operated at nominal specifications i.e. batch length of 10.5 μs, trigger at 1 μs and gating of 8 μs or trigger at 2 μs and gating of 400 ns. The BPM system was found to be very sensitive to the batch structure and intensity at these very low intensities, but showed very good performance at the specified intensities of 2 × 10 12 protons per extraction and above. The trajectory along the proton beam line was at maximum ± 2 mm, well within the specified ± 4 mm [18] . The beam position stability [19] onto the target is of importance for the target integrity and to limit the equipment activation. Over the first three days of operation, the proton beam stability was excellent: 110 μm r.m.s in the horizontal plane and 50 μm r.m.s in the vertical plane [20] . This small ripple demonstrates the great care with which the extraction systems has been designed and built, to fulfill the specifications (main ripple sources being the septum magnets). With such an excellent short term stability, a single trajectory correction per day using 1 or 2 correctors was sufficient to maintain the r.m.s. drift at the target below 100 μm in both planes. Over a 10 day long period of the first August 2006 CNGS physics run, the total r.m.s. drift was 0.15 mm in the horizontal plane and 0.4 mm in the vertical plane. For the latter, the main part of the drift actually originated in the SPS ring and was not due to changes in the extraction system or CNGS beam line itself.
The dispersion was measured by recording the trajectory along the proton beam line as a function of the beam momentum in the SPS. The measured and fitted optics dispersion are shown in Figure 2 and Figure 3 [20] . The agreement is good all along the line. In addition, the momentum aperture of the transfer line was determined to be +0.9% for positive momentum offsets (not measured for the negative offsets). The production of muons was then checked and proton beam scans were performed while recording the signal from the muon monitors in the two muon detector stations. This allowed to precisely align the complete "proton beamtarget-horns" system for the optimum secondary particle production. Information on data taken with the muon monitors can be found in [13] .
SUMMARY
Thanks to the detailed hardware and controls checks performed without beam, the commissioning with beam went smoothly and already the very first SPS proton extraction was found well centered along the proton beam line. The beam instrumentation installed in the facility proved its importance in all steps of the commissioning and worked as specified. In August 2006, the CNGS facility was declared operational.
